Objective-To investigate free interleukin-18 (fIL-18) levels, and variation within the IL-18 system genes, in heart surgery patients, and healthy men. Methods and Results-fIL-18 was calculated from IL-18 and IL-18 binding protein (BP) levels, in 421 healthy men and 196 post-coronary artery bypass graft (CABG) patients. After surgery, fIL-18 peaked at 6 hours (from 117 to 331 pg/mL) but fell to below presurgery levels at 24 hours (99 pg/mL), because of changes in total IL-18 and IL-18BP. fIL-18 24 hours postsurgery was significantly higher in those who suffered a major complication after surgery (125 versus 80 pg/mL, PϽ0.01). Baseline total IL-18 was also higher in healthy men who went on to suffer an MI over 17 years of prospective study (276 versus 240 pg/mL, Pϭ0.01). Tagging SNPs for IL18 (nϭ5) and IL18BP (nϭ3) were determined, in both studies the IL18 HapIII haplotype (frequency 30%) was associated with 36% lower baseline fIL-18 levels before surgery (PϽ0.01), and 7% lower in healthy men (Pϭ0.04). The frequency of HapIII was lower in CABG patients than in healthy men (20.7 versus 29.8%, PϽ0.01). Conclusions-IL-18 levels, which are determined in part by variation in IL18, play a role in CHD development and postsurgery outcome. (Arterioscler Thromb Vasc
I nterleukin (IL)-18 is a pleiotropic cytokine involved in both innate and adaptive immune response, 1 and is widely expressed in monocytes/macrophages, adipocytes, keratinocytes, Kupffer cells, and osteoblasts. 2, 3 Originally identified as an interferon (INF)-␥-inducing factor, 4 it stimulates IFN␥ production in T lymphocytes and natural killer (NK) cells in synergy with IL-12. 5 This induction does not require prior activation of either CD4ϩ or CD8ϩ T cells 5 and produces significant quantities of IFN␥; a protein believed to have an affect on around 25% of the macrophage transcriptome. 6 Both T lymphocytes and NK cells are key in atherosclerotic plaque progression and stability. 7, 8 Il-18 activity is determined in part by the action of an intrinsic inhibitor, IL-18 binding protein (IL-18BP). 9 IL-18BP is reactive to inflammatory stress 10 and modulates atherosclerotic lesion development in apoE Ϫ/Ϫ mice. 11 Increased IL-18 expression is seen in atherosclerotic plaques and is associated with plaque instability. 12, 13 In healthy middle-aged European men total plasma IL-18 levels were an independent predictor of coronary events, 14 and variation within IL18 has been shown to influence circulating levels of IL-18 and clinical outcome in patients with cardiovascular disease (CVD). 15 However, the MONICA/KORA Ausburg Case-Cohort Study showed no association between IL-18 and risk of future CVD in apparently healthy subjects. 16 Several groups have also sought to clarify the role of IL-18 and IL-18BP in the development of plaque instability in cross-sectional studies, [17] [18] [19] [20] but with inconsistent results.
All studies to date investigating the impact of IL-18 on CHD risk have not taken into account IL-18BP levels. In the present study, we investigated variation in IL-18 and IL-18BP levels, and were therefore able to calculate levels of free IL-18 (fIL- 18) , in a surgical model of postevent immunoactivation. We have also determined levels of fIL-18 in a prospective study of healthy European men, and assessed their association with future CHD events. The impact of genetic variation within IL18 and IL18BP on protein levels were also examined. spectively from those undergoing first time elective CABG surgery. Venous blood samples (nonfasting) were initially drawn before surgery and then again at 6 and 24 hours postoperatively. Those with sufficient plasma still available at all 3 time points were selected (nϭ196) and this cohort forms the basis of this paper. Follow-up data beyond 24 hours was available for Ͼ98% of participants. Patients were defined as having suffered a major complication after surgery for a number of reasons, with major causes being continued inotrope administration, increased ventillatory support (Ͼ12 hours), or extended intensive care unit (ICU) stay (Ͼ2 days).
The second Northwick Park Heart Study (NPHSII) 22 consists of 3012 healthy European, Caucasian men, aged 51 to 60 years, recruited from 9 general medical practices, and free from cardiovascular disease at recruitment. Over 17 years of follow-up (median 14 years), 294 (9.8%) participants have developed definite CHD (defi-nite MI, surgical intervention, or silent MI) over this period. Blood samples were taken after a light breakfast.
In both studies ethical approval was granted by the institutional ethical committee and all subjects gave written informed consent before recruitment.
Measurement of Total IL-18 and IL-18BP
IL-18 and IL-18BP protein levels were measured in the CABG cohort and in an age-matched nested case:control cohort from NPHSII (185 cases, 236 controls) that form the basis for this article. Total IL-18 was measured by a commercially available ELISA-kit (MBL, Naka-Ku), according to manufacturer's instructions. The ELISA method used for the IL-18BP measurement is described in detail elsewhere. 10 Because antibodies for the IL-18 ELISA detect 
Statistical Analysis
Standard statistical tools were used to analyze all data (for further details see supplemental materials). Haplotype association analysis was carried out using Thesias, 25 and was limited to the four most common haplotypes.
Results

Baseline Characteristics
As can be seen from the baseline characteristics (see Table 1 ), the CABG patients are a largely Caucasian male cohort, with around a third having suffered 1 or more myocardial infarctions (MIs) previously. There were no significant differences in those who suffered a postoperative complication (43%) and those who did not. In NPHSII, those who went on to develop CHD during follow-up were more likely to smoke, be hypertensive, have elevated cholesterol, or have low HDL levels. Compared with CABG, NPHSII was a younger cohort with lower BMI yet higher lipid levels, probably attributable to the common use of statins in CABG patients. Levels of fIL-18 were 21% lower in CABG participants than NPHSII participants (Pϭ0.02), attributable to significant differences in total IL-18 levels (Pϭ0.01), but not IL-18BP (Pϭ0.14). Most likely this difference is attributable to statin use within CABG, because levels of total IL-18, IL-18BP, or fIL-18 in CABG patients not taking statins did not differ significantly compared with NPHSII (data not shown).
Profile of IL-18 and IL-18BP After Surgery
After surgery, the levels of total IL-18 peaked at 6 hours (see Table 1 ), showing a 2.3-fold elevation from baseline (PϽ0.01), 24 hours after surgery levels of fIL-18 had decreased to below baseline levels (Pϭ0.04) attributable to significant changes in both total IL-18 and IL-18BP levels (see Figure 1 ).
IL-18 Level and Postoperative Recovery and CVD Risk
In CABG, plasma levels of total IL-18 24 hours after surgery in those who had suffered a major complication after surgery (nϭ84), were significantly higher (1.6-fold) than those who did not (PϽ0.01). The association remained when fIL-18 was analyzed (1.6-fold higher, PϽ0.01), equating to a relative risk (RR) (95% CI) of 1.64 (1.06 to 2.53, Pϭ0.02) for those in the top tertile of fIL-18 versus the lowest tertile. The predictive 
effect of total IL-18 (PϽ0.01) and fIL-18 (PϽ0.01) were independent of statin use and IL-18BP (a covariate in total IL-18 analysis only). We have previously reported (Sanders, Brull, and Humphries, 2007, unpublished data) that levels of IL-6 at 24 hours were also significantly higher in those with a major postoperative complication; both total and fIL-18 at 24 hours remained predictive in multivariate analysis with IL-6 levels at 24 hours added as a covariate (PϽ0.01 and PϽ0.01, respectively), suggesting that this predictive effect of IL-18 was independent of IL-6 also. NPHSII participants in the top tertile of total IL-18 levels at baseline had an RR (95% CI) for an MI during follow-up of 1.6 (1.0 to 2.6, Pϭ0.03, see supplemental Table II ). Those who suffered an MI during follow-up had significantly higher total and fIL-18 levels at baseline than those who did not (total IL-18, 1.2-fold higher, Pϭ0.01; fIL-18, 1.1-fold higher, Pϭ0.04). This effect was not seen when men with any CHD event were analyzed and was no longer statistically significant after adjustment for traditional risk factors.
Impact of Genetic Variation on Protein Levels
Single SNP Analysis An IL18 tSNP set comprising 5 SNPs was selected and comprised 3 intronic SNPs (Ϫ5848 TϾC, ϩ8855 TϾA and ϩ11015 AϾC), a proximal promoter variant (Ϫ9731 GϾT), and 1 synonymous SNP within exon 4 (ϩ4860 AϾC). 26 LD between the SNPs ranged from DЈϭ0.52 to 0.96, all were found to be in HWE in the original study groups. Only IL18-5848 TϾC was associated with differences in total IL-18 levels in CABG (see Figure 2 , panel A and supplemental Table III ), at both baseline (PϽ0.01) and 6 hours postoperative (PϽ0.01), but not 24 hours (Pϭ0.65). Those carrying 2 copies of the rare allele had total IL-18 levels 1.9-fold higher at baseline and 1.3-fold higher at 6 hours than those carrying no copies, and of all the variants, this SNP explained the largest amount of the variation in IL-18 levels (R 2 ϭ6.3% at baseline, 5.5% at 6 hours, 0.5% at 24 hours). These associations remained significant after adjustment for statin use, and were also seen, in a similar pattern, with fIL-18 levels (see supplemental Table IV) .
IL18-5848 TϾC was also associated with significant differences in plasma IL-18 levels in NPHSII (PϽ0.01, R 2 ϭ3.9%), with those carrying 2 copies of the rare allele having levels 1.3-fold higher than those carrying no copies (see supplemental Table III ). This effect was unchanged after adjustment for IL-18BP levels (PϽ0.01). The Ϫ5848 TϾC SNP was also associated with fIL-18 levels in univariate (Pϭ0.03) and multivariate analysis (Pϭ0.02, see supplemental Table IV ). When analysis was stratified by CHD event, Ϫ5848 TϾC was associated with total IL-18 levels in both groups (see Figure 2 , panel B), although the association was more prominent in those who went on to develop CHD (CHD event, PϽ0.01; no CHD event, Pϭ0.05; interaction Pϭ0.01).
None of the IL18BP tSNPs were consistently associated with significant differences in IL-18BP or fIL-18 levels in either study (see supplemental Table IV ). 
Table 2. Estimated Haplotypic Mean (95% CI) lnIL-18 Levels by IL18 Haplotypes in Both CABG and NPHSII (Total, no CHD Event, and CHD Event), Using Univariate Analysis (P *) and Multivariate Analysis With Either Statin Use and IL-18BP Levels (P †) or GP Practice and IL-18BP Levels (P ‡) as Covariates
Haplotype Analysis
To avoid any problems attributable to genetic heterogeneity, analysis in the CABG group was limited to those of Caucasian ancestry (nϭ161). Haplotypes (herein ordered Ϫ9731 GϾT; Ϫ5848 TϾC; ϩ4860 AϾC; ϩ8855 TϾA; ϩ11015 AϾC) were globally associated with total IL-18 levels at baseline (PϽ0.01), and borderline significantly associated at 6 hours (Pϭ0.06, see Table 2 ), explaining 5.2% and 5.1% of the variation in IL-18 levels, respectively. A common haplotype, HapIII (frequency 21% in CABG), was associated with a lower haplotypic mean IL-18 level at baseline and 6 hours (both PϽ0.01) than HapI, but not 24 hours (Pϭ0.08). Those homozygous for HapI were estimated to have IL-18 levels 2.7-fold higher at baseline, and 1.7-fold higher at 6 hours, than those homozygous for HapIII (see Figure 3 ). These associations remained significant after adjustment for statin use and IL-18BP levels, and when fIL-18 was analyzed (see supplemental Table V ). In NPHSII, univariate (PϽ0.01) and multivariate (PϽ0.01) analysis showed haplotypes were globally associated with total IL-18 levels (see Table 2 ) and explained 3.2% of the variation in IL-18 levels. Two common haplotypes, HapII (25%, Pϭ0.01) and HapIII (30%, PϽ0.01), had significantly lower total IL-18 levels when compared with HapI. Those homozygous for HapI were estimated to have IL-18 levels 1.3-fold higher than those homozygous for HapII or HapIII (see Figure 3) . These associations were attenuated, but remained significant, after adjustment for IL-18BP levels and platelet glycoprotein practice, and when fIL-18 was analyzed (see Table 2 , and supplemental Table V) .
No consistent, significant associations were observed between IL18BP haplotypes and IL-18BP or fIL-18 levels in either study (see supplemental Table VI ). There was no significant associations between IL18 or IL18BP genotypes or haplotypes, and postoperative risk in CABG or with CHD risk in NPHSII (see supplemental Table VII ). However, HapIII was found at a lower frequency in CABG than NPHSII (20.7% versus 29.8%, PϽ0.01).
Discussion
The major findings of this study are that levels of fIL-18 undergo transient dynamic changes after a significant inflammatory activation, through variation in both IL-18 and IL-18BP, and that its levels influence postoperative outcome. Both at its peak and at baseline, common genetic variation within IL18 was significantly associated with levels of fIL-18 in both healthy individuals and those with advanced disease. Within the CABG group those who suffered complications after surgery did not differ significantly in their baseline characteristics from the other study participants. At 24 hours after surgery, levels of both total and fIL-18 were significantly higher in those who suffered a later postoperative complication than those who did not. This association remained significant in subset analysis using increased ventilatory support (Ͼ12 hours) and extended ITU stay (Ͼ2 days) as outcomes (data not shown), demonstrating the longstanding effects of early IL-18 activation and the key initiating role of IL-18 in immunoactivation. Adjusting for levels of IL-6 did not reduce this effect, suggesting that the effect was independent of other inflammatory pathways.
How the surgical model of postevent immunoactivation used here equates to processes leading up to, and immediately after, plaque rupture is unclear; however, there are animal models that suggest IL-18 levels may influence post-MI survival. In caspase-1 knockout (KO) mice, no bioactive IL-18 is present in the plasma due to the requirement of IL-18 for caspase-1 processing. When these animals undergo left coronary artery ligation to induce MI, they have significantly greater postevent survival than WT animals. 27 Although caspase-1 has a number of effects other than IL-18 processing, IL-18 has been shown to predict long-term survival in patients with advanced disease. 17, 28, 29 A similarly predictive effect was also seen in the prospective NPHSII study; levels of IL-18 were significantly higher in those who went on to suffer, specifically, an MI than those who did not. IL-18 is known to play an active role in determining plaque stability, with overexpression in apoEdeficient mice causing decreased intimal collagen content, 30 and higher IL-18 expression seen in unstable over stable human plaques. 13 That higher levels were observed only in those whose first indication of disease, during follow-up, was an MI, and not when other CHD end points were included, suggests that IL-18 may have a key role in dictating the stability or instability of the plaque, rather than other processes involved in plaque development. However, because of the small number of cases within NPHSII, the power to truly identify and characterize this association is low. Furthermore, given that there was no significant difference in fIL-18 levels in those who went on to develop disease, cautious interpretation of these results is required. At present there is no other suitable method for measuring fIL-18 in the plasma other than the calculation used here. Exactly how well this reflects the true concentration across individuals is not presently clear.
In this study we show that IL-18 levels in both healthy and diseased individuals are determined in part by variation within IL18. Both in CABG and NPHSII, haplotypic variation in IL18, but not IL18BP, was significantly associated with total and fIL-18 levels, explaining 3% to 5% of the variation in levels. Consistently, HapIII was associated with significantly lower IL-18 levels in both studies. This finding was supported by the single SNP analysis showing Ϫ5848 TϾC, the SNP that differentiates HapIII and the reference haplotype (HapI), was associated with significant differences in total and free IL-18 levels. Furthermore, there was evidence that the influence of genetic variation was exacerbated by underlying disease, with the effect seen to be significantly stronger in those in NPHSII men who went on to develop CHD than those who did not.
Few studies have investigated the effect of genetic variation on IL-18 and IL-18BP protein levels, and we are unaware of any where analysis has been extended to fIL-18. Tiret et al 15 found a 5-SNP haplotype (HapGCAGT) to be associated with lower IL-18 levels and a protective effect on risk, and in further studies, to be associated with lower IL18 mRNA levels. 31 The IL18 SNPs studied here are not those used by Tiret et al, however when those SNPs are aligned on to the IIPGA gene-wide haplotypes, both HapGCAGT, and HapIII represent the same gene-wide haplotype. Furthermore, Frayling et al 32 studied the effect of a single SNP, rs5744256, on IL-18 levels and found the rare allele, only found on HapIII, to be associated with lower IL-18 levels. We have already shown that HapIII is associated with differences in BMI, 26 and so, taken together, the data confirm that this IL18 haplotype is functionally distinct from others and affects individual disease risk through differences in total and fIL-18 levels. None of the SNPs studied here have a strong likelihood of being themselves functional, and it is probable that the SNP, or SNPs, ultimately responsible for this effect are present elsewhere on HapIII. Therefore further genotyping and extended sequencing will be required to characterize HapIII in more detail, in tandem with in vitro studies of isolated SNPs to assess their functionality.
The lack of measures beyond 24 hours is a limitation of the CABG study, with it representing a brief, but critical, window in a patient's postoperative recovery. With further measures beyond and within this period it would be possible to better characterize the profile of IL-18. However, beyond 24 hours the patient group becomes more heterogenous as each adopts differing treatment regimen, which may begin to confound IL-18 levels. In support of this data, a recent study investigating the differing profile of IL18 and IL18BP transcription in isolated PBMCs from diseased and healthy patients, found the peak of IL-18 production after in vitro activation was 8 hours, 33 confirming that the period studied here represents the most important time for IL-18 activation.
This study also lacks the power to truly test whether IL-18 levels immediately before and after surgery have an effect on postoperative mortality. IL-18 has been shown to predict in-hospital adverse events (death, recurrent ischemia, reinfarction) in patients with acute coronary syndrome, 17 and there is some evidence here to suggest that IL-18 levels may differ depending on recovery; however, the statistical power to study postoperative mortality is low with only 2 patients dying in hospital after surgery. A larger group would allow us to study this association with greater certainty and may also allow us to study the effect of genetic variation within IL18. 
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